Introduction
The frequency of the intramolecular skeletal vibrational mode and the collective mode of organic compound crystals, including biomolecules such as saccharides and amino acids, lies in the terahertz (THz) range. [1] [2] [3] In typical measurements of THz transmittance spectra, the samples are a crystalline powder pressed into pellets with distilled polyethylene. Biomolecules, however, are generally obtained as a liquid (e.g., aqueous or serum solutions) from tissue or body fluid. Thus, alternative analytical methods are needed that are applicable to biomolecules in solution. We therefore propose the membrane method, in which the sample solution is dropped and dried on a polymer membrane filter and then examined using a THz transmission spectrometer. By this method, conventional THzspectral analysis of biomolecules in solution becomes possible with a simple procedure.
Experimental
THz spectrometer [4] [5] [6] The THz spectrometer used in this study was a TSS-I (Terahertz Laboratory Co. Ltd., Akita, Japan). A coherent THz wave was emitted from a GaP crystal via difference frequency generation with two 1.2-mm band Cr:forsterite lasers. The line width of the THz wave was approximately 3 GHz (0.1 cm -1 ). The frequency was swept from 0.6 to 6.0 THz (20 -200 cm -1 ) with 25-GHz steps, except for the results shown in Fig. 1 , which were obtained with 100-GHz steps. The intensities of the transmission and reference lines were detected by a pair of deuterated triglycine sulfate (DTGS) sensors operated at room temperature.
Materials
The properties of the membranes, which were made of polyvinylidene fluoride (PVDF; Millipore), polyethersulfone (PES; Millipore), polytetrafluoroethylene (PTFE; Millipore), mixed cellulose esters (MCE; Millipore), polycarbonate (PC; Millipore), and nylon (Sigma) are summarized in Table 1 . All of the membranes were hydrophilic, and each membrane was dried at 60˚C for at least one night before use.
L-Threonine (Thr; Junsei) and glycine (Gly; Wako) were dissolved in deionized water or bovine serum (BS; Invitrogen). The serum included lipids, saccharides, amino acids, inorganic ions (e.g., Na, Cl, K, Ca, Mg), and other components. A solution (3 mL) was dropped onto the membrane and then dried at 60˚C (aqueous solutions) or 40˚C (BS solutions) for 12 h under a vacuum. The droplets spread to a few millimeters in diameter.
For comparing the spectra to those of crystalline powders of the same amino acids, pellet samples were also prepared by mixing 7.5 mg of milled amino acid with 300 mg of polyethylene We present here the results of applying a membrane method to terahertz (THz) transmittance spectroscopy of amino acids. Two kinds of amino acids dissolved in water or bovine serum were dropped and dried on polymer membranes. Absorbance spectra of the membranes were obtained with a GaP THz spectrometer. The frequency range was 0.6 -6.0 THz and the line width was 3 GHz. Characteristic absorption peaks attributable to the amino acids were observed with membranes made of suitable materials. powder, followed by pressing the mixture into a disk (1 mm thick and 20 mm in diameter). Samples were then examined using the same procedure as that applied to the membranes.
The transmittance of the sample was divided by the transmittance of a virgin membrane or a pure polyethylene pellet to estimate the net transmittance and the absorbance.
Results and Discussion
First, the THz transmittance spectra of six different membranes were measured. The results are shown in Fig. 1 . The broken lines represent the spectra of the virgin membranes and the solid lines show spectra of membranes that were once wet with deionized water and then dried at 60˚C for 12 h under vacuum. No significant difference was observed between the transmittance spectra before and after the treatment. As seen in Fig. 1 , the nylon membrane displayed low transmittance, particularly above 2 THz. In contrast, the PC membrane was nearly transparent at all frequencies in the measured range. However, the PC membrane was slightly brittle and curled upon drying after wetting with water, so it is not a suitable material for transmittance measurements. MCE, which also exhibited high transmittance, has heterogeneous permeability. The other materials, PVDF, PES, and PTFE, had sufficient transmittance.
Next, absorbance measurements were determined for Thr and Gly aqueous solutions on the three types of membranes (Fig. 2) . The absorbance spectra obtained using PVDF and PES were almost identical, whereas that for PTFE was obviously weak. These weaker spectra may have occurred because the sample droplets spread wider on the PTFE membrane than on the other two membranes, or the hydrophilic treatment on PTFE inhibited crystal growth of the solute. Therefore, the PTFE membrane is not likely to be suitable for realizing high-sensitivity detection of the solute. Hereafter, we proceeded using PVDF and PES membranes.
The absorption spectra of the Thr and Gly pellets are shown in Fig. 3 . The absorption peak frequencies of Thr on the membranes and in a pellet were identical, confirming that this membrane method is applicable to THz transmission spectrometry for detecting biomolecules in solution.
In the case of Gly, however, the absorption spectrum of the pellet was obviously different from that of the membrane method. This may be attributable to polymorphism of Gly; i.e., the crystal structure of the purchased Gly was different than that of the precipitated Gly on the membranes. Indeed, Gly has at least three types of crystal structures. [7] [8] [9] A solvent dependence was observed in the absorbance spectra of Thr. A comparison of the absorbance spectra of Thr from aqueous and BS solutions on the PVDF membrane are displayed in Fig. 4 . The spectrum of Thr that was crystallized from the BS solution displayed no distinguished peak below 5 THz, whereas Thr crystallized from the aqueous solution exhibited characteristic absorption peaks. The chemicals in BS, such as ionized amino acids and inorganic ions, are thought to have prevented the crystal growth of Thr. Addadi et al. reported that co-solving glutamic acid, aspartic acid, asparagine, and Fig. 2 Absorbance spectra of (a) Thr and (b) Gly (10 wt% aq. solutions) on the PVDF, PES, and PTFE membranes. 
Conclusions
THz transmittance spectra of amino acids were measured using a membrane method and compared to the results obtained applying a pellet method. The measurements were carried out over a range of 0.6 to 6.0 THz using a GaP THz spectrometer.
The results demonstrated that the membrane method can be used in conventional THz spectral analysis and that PVDF and PES membranes are suitable media for THz transmission spectrometry of amino acids. In the analysis of solutions, co-solving chemicals may disturb the measurement if they prevent crystal growth of the solute, or form co-crystals. These matters are likely to be the same when a glass plate or a substrate is used instead of a membrane. In addition, the complicacy of hydrates is expected to make the measurement difficult.
